Objective: To investigate the underlying regional homogeneity (ReHo) in brain-activity deficit in patients with optic neuritis (ON) and its relationship with behavioral performance. Materials and methods: In total, twelve patients with ON (four males and eight females) and twelve (four males and eight females) age-, sex-, and education-matched healthy controls underwent resting-state functional magnetic resonance imaging scans. The ReHo method was used to assess the local features of spontaneous brain activity. Correlation analysis was used to explore the relationship between the observed mean ReHo values of the different brain areas and the visual evoked potential (VEP) in patients with ON. Results: Compared with the healthy controls, patients with ON showed lower ReHo in the left cerebellum, posterior lobe, left middle temporal gyrus, right insula, right superior temporal gyrus, left middle frontal gyrus, bilateral anterior cingulate cortex, left superior frontal gyrus, right superior frontal gyrus, and right precentral gyrus, and higher ReHo in the cluster of the left fusiform gyrus and right inferior parietal lobule. Meanwhile, we found that the VEP amplitude of the right eye in patients with ON showed a positive correlation with the ReHo signal value of the left cerebellum posterior lobe (r=0.701, P=0.011), the right superior frontal gyrus (r=0.731, P=0.007), and the left fusiform gyrus (r=0.644, P=0.024). We also found that the VEP latency of the right eye in ON showed a positive correlation with the ReHo signal value of the right insula (r=0.595, P=0.041). Conclusion: ON may involve dysfunction in the default-mode network, which may reflect the underlying pathologic mechanism.
Introduction
Optic neuritis (ON) is an inflammatory disease of the optic nerve, presenting with an abrupt loss of vision, pain during movement of the eye, relative afferent pupillary defect, and disk edema. 1 ON will lead to lesions of optic nerve axons and to apoptosis of retinal ganglion cells. ON can also be a symptom of multiple sclerosis (MS). 2 ON is more common relative to the incidence of MS in Asia compared with the USA. 3 Although treatment of the inflammation results in good eyesight recovery in many patients with ON, in others, vision does not return to normal, and may be accompanied by abnormal color vision and visual field defects. ON is commonly considered a retinal disease, but a study demonstrated that patients with ON presented with abnormalities in the visual cortex. 4 Therefore, the mechanism of optic neuropathy and cerebral functional area damage caused by ON requires characterization.
Visual evoked potential (VEP) is an important clinical test for diagnosis of ON. VEP has been studied in patients with ON, and the VEP features of ON are amplitude decrease and prolonged latency, which reflect nerve-axon lesions and apoptosis of submit your manuscript | www.dovepress.com
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shao et al retinal ganglion cells. A previous study demonstrated that VEP is superior to optical coherence tomography for detection of clinical and subclinical ON. 5 VEP can also reflect the severity of optic nerve injury. The significant correlation of multifocal VEP latency suggests a role for demyelination in promoting axonal loss. 6 In addition, VEP can be used to evaluate the prognosis of ON. A previous study showed that patients with ON still had multifocal VEP amplitude delays present in many locations, even if they recovered near-normal sensitivity of vision. 7 Functional magnetic resonance imaging (fMRI) has been used for research into ON, and a previous study using fMRI found decreased functional connectivity in the visual system after acute ON. 8 Diffusion tensor imaging can accurately measure the fractional anisotropy and mean diffusivity of the visual pathway. Previous studies showed significantly decreased mean fractional anisotropy in the affected nerves in patients with idiopathic demyelinating ON. 9 In the acute phase of ON, activation of the lateral geniculate nucleus during visual stimulation of the affected eye was significantly reduced. 10 A previous study reported that the optic nerve of the patients with ON showed lower FA in the white matter and decreased fiber structure, 11 while diffusion-tensor MRI parameters of ON correlated significantly with the amplitude of VEP. 12 Although these findings showed neuronal morphological changes in the ON, there was far less evidence for changes in the neuromechanism.
A previous study has shown that the reliable propagation of synchronous neural activity is crucial for neural information processing. 13 The regional homogeneity (ReHo) method, a widely used resting-state fMRI measure, has been used to explore the local synchronization of spontaneous fMRI signals by calculating Kendall's coefficient concordance of the time series of dynamic fluctuations of voxels within a given cluster, providing important information on brain activity. 14, 15 However, cerebral dysfunction may lead to altered neuronal synchrony, which will have an adverse effect on neural information processing. 16 The ReHo method has been successfully used to investigate the mechanism of such diseases as epilepsy, 17 primary insomnia, 18 Parkinson's, 19 and depression. 20 However, it has not yet been used to explore pathophysiological changes in ON. In the current study, we explored the regional spontaneous brain activity in ON and its relationship with VEP, using the ReHo method.
Materials and methods subjects
Twelve patients with ON (four males and eight females) were recruited from the Ophthalmology Department of the First Affiliated Hospital of Nanchang University Hospital. Inclusion criteria were: 1) acute vision loss with or without eye pain; 2) visual field abnormalities associated with damage of nerve fibers; 3) patients with relative pupillary conduction block or abnormal VEPs; 4) no clinical or laboratory evidence of compression or ischemic, toxic, genetic, metabolic, or invasive optic neuropathy; 5) patients without acute vision loss due to retinal disease, alternative eye disease, or disease of the nervous system; 6) no obvious abnormality in the brain parenchyma with head MRI; 7) no history of inborn or other acquired diseases, such as psychiatric disorders, hypertension, diabetes mellitus, or coronary artery disease, and no addictions, such as heroin addiction, smoking addiction, or alcohol addiction; 8) no organ transplantation in the body; and 9) moderate body shape and weight.
Twelve healthy controls (HCs; four males and eight females) who were age-, sex-, and education status-matched to the ON subjects were recruited for this study. All HCs met the following criteria: 1) no abnormalities in visual pathways or brain parenchyma with head MRI; 2) no ocular disease, naked-eye corrected visual acuity (VA) .1.0; 3) sex and age consistent with the ON group; 4) normal nervous and mental system, no headaches; 5) and no contraindications for MRI. All the methods of this research followed the Declaration of Helsinki and conformed to the principles of medical ethics. For each subject, the study protocol and procedure were fully explained, and written consent was obtained. The experiment was authorized by the First Affiliated Hospital of Nanchang ethics committee.
Mri parameters
MRI scanning was performed on a 3 T MR scanner (Trio; Siemens AG, Berlin, Germany). High-resolution T 1 -weighted images were acquired with a three-dimensional spoiled gradient-recalled sequence in an axial orientation: 176 images (repetition time =1,900 ms, echo time =2.26 ms, thickness =1.0 mm, gap =0.5 mm, acquisition matrix =256×256, field of view =250×250 mm, flip angle =9°) were obtained. Finally, 240 functional images (repetition time =2,000 ms, echo time =30 ms, thickness =4.0 mm, gap =1.2 mm, acquisition matrix =64×64, flip angle =90°, field of view =220×220 mm, 30 axial slices with gradient-recalled echo-planar imaging pulse sequence) covering the whole brain were obtained. 
fMri data analysis
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ReHo in brain-activity deficit in optic neuritis initial unstable magenetization state and the unadaptability of participants. The rest of the data were preprocessed using SPM8 (http://www.fil.ion.ucl.ac.uk/spm) and DPARSFA (http://rfmri.org/DPARSF) software. The following steps were slice timing, head-motion correction, spatial normalization, smooth with a Gaussian kernel of 6×6×6 mm 3 full width at half maximum. In head-motion correction, participants whose head motion was more than 1.5 mm or 1.5° in any of the six parameters (x, y, z, pitch, roll, yaw) were excluded. Then, the fMRI images were spatially normalized to the Montreal Neurological Institute space using the standard echo-planar imaging template and resampled at a resolution of 3×3×3 mm. Finally, detrending and band-pass filtering (0.01-0.08 Hz) of the fMRI data were conducted to reduce the effects of low-frequency drift and physiological highfrequency respiratory and cardiac noise.
ReHo computation based on Kendall's coefficient of concordance (KCC) was performed with REST software (http:// www.resting-fmri.Sourceforge.net). Individual ReHo maps were generated by calculating the KCC of the time series of a given voxel with those of its nearest neighbors (26 voxels) in a voxel-wise manner with the formula: 14 
Re
,
where ReHo is the KCC for a given voxel, ranging from 0 to 1. When the ranked time series is more consistent with its adjacent ones, the KCC value is closer to 1; k is the voxel number among time series (in our study, k =27, including one given voxel that was located in the cubic center and its adjacent 26 voxels); n is the number of ranks; Ri is the sum rank of the ith time point, and R = (n+1)/2*k/2 is the mean of the Ri's. The KCC value refers to the central voxel among the cluster. The individual KCC ReHo map was generated on a voxel-wise basis for all data sets. To reduce the influence of individual variations in the KCC value, normalization of ReHo maps was done by dividing the KCC among each voxel by the averaged KCC of the whole brain. The resulting fMRI data were then spatially smoothed with a Gaussian kernel of 6×6×6 mm 3 full width at half maximum.
statistical analysis
For fMRI data, a general linear model analysis was performed with the SPM8 toolkit to investigate the group differences in ReHo between patients with ON and HCs, after controlling for the effects of age and sex. The significance level was set at P,0.05, Gaussian random-field theory-corrected, minimum z.2.3.
For behavioral performances, a two-sample Student's t-test was used for continuous data. P,0.05 was considered statistically significant. SPSS version 20.0 (IBM Corporation, Armonk, NY, USA) statistical software was used for all the statistical analyses.
Brain-behavior correlation analysis
Based on the ReHo findings, the different brain regions between groups were classified as regions of interest with REST software. For each region of interest, the mean ReHo value was extracted by averaging the ReHo value over all voxels. Finally, a correlation analysis was performed to investigate the relationship between the mean ReHo value in each of those different areas in the ON group and the related behavioral performances. P,0.005 was considered statistically significant.
clinical data analysis
All the subjects underwent the pattern-reversal VEP stimulation in a dark and quiet room for both eyes by using the RETLPORT electrophysiological instrument (Roland, Brandenburg, Germany). Latencies were filtered and analyzed by means of repeated (100) simulations twice for each eye. The VEP amplitude was evaluated based on the laboratory-designed reference value. The cumulative clinical measurement included optical coherence tomography and best-corrected VA.
Results
Behavioral results
There were no significant differences in weight (P=0.973), age (P=0.885), height (P=0.791), or body mass index (P=0.793) between the ON and HC groups. There were significant differences between the two patient groups in best-corrected VA -right (P,0.001), best-corrected VAleft (P=0.001), latency -right (in ms) of the VEP (P=0.020), amplitude -right (in µV) of the VEP (P,0.001), latencyleft of the VEP (P=0.036), and amplitude -left of the VEP (P=0.012) between the patients with ON and the HCs. The details are presented in Table 1 . Table 2 ). Brain areas with significantly increased ReHo values in the ON group were the left fusiform gyrus and right inferior parietal lobule (Figure 1 [red] and Table 2 ). The mean of the altered ReHo between the ON and HC groups is shown in Figure 2 .
reho differences
correlation analysis
The VEP amplitude of the right eye in the ON group showed a positive correlation with the ReHo signal value of the left cerebellum posterior lobe (r=0.701, P=0.011) ( Figure 3A) , right superior frontal gyrus (r=0.731, P=0.007) (Figure 3B) , and left fusiform gyrus (r=0.644, P=0.024) ( Figure 3D ). Meanwhile, the VEP latency of the right eye in the ON group showed a positive correlation with the ReHo signal value of the right insula (r=0.595, P=0.041) ( Figure 3C ).
receiver-operating characteristic curve
We found differences in ReHo areas between the ON and HC groups, which might be utilized as markers to separate patients from HCs. To test this possibility, the mean ReHo values of 
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ReHo in brain-activity deficit in optic neuritis the different brain regions were extracted and used for analysis of the receiver-operating characteristic curves. In our study, the values for the area under the curve of the left cerebellum posterior lobe ( Figure 4A ) and the cluster of the right precentral gyrus ( Figure 4B ) were 0.917 and 0.958, respectively.
Discussion
To our knowledge, this study is the first to evaluate the effect of ON on resting-state brain activity using the ReHo approach. In our study, we found that the ON group showed lower ReHo in the left cerebellum, posterior lobe, left 
024).
We also found that the VEP latency of the right eye in ON showed a positive correlation with the ReHo signal value of the right insula (r=0.595, P=0.041); also, there was no obvious sex difference on ReHo signals in patients with ON in our study. The cerebellum may be involved in cognition, in addition to its role in motion control, 21 and damage to this area could lead to cognitive dysfunction. 22 Previous studies have demonstrated that dysfunction of the cerebellum is involved in mood disorders, 23 bipolar disorder, 24 and depression. 25 It is well known that ON is the foremost clinical feature of MS in 20% of patients, 26 and Kutzelnigg et al 27 found that cerebellar cortical demyelination is common in patients with MS. Ceccarelli et al 28 demonstrated that patients with primary progressive MS had more obvious activation of the left cerebellum compared with patients having other forms 
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ReHo in brain-activity deficit in optic neuritis of MS, while Loitfelder et al 29 found that patients with relapsing-remitting MS showed increased activation in the cerebellum on fMRI. In support of these findings, we also found that patients with ON showed lower ReHo in the left cerebellum posterior lobe. ON may result in dysfunction of motor function. Furthermore, we also found that the VEP amplitude of the right eye in ON showed a positive correlation with the ReHo signal value of the left cerebellum posterior lobe (r=0.701, P=0.011). The reduced VEP amplitude of the eye in ON reflects the severity of optic nerve injury. Therefore, ON severity and cerebellar function are closely related. Our findings suggest that ON has a harmful effect on the cerebellum.
A previous study has demonstrated that there are some brain regions that show greater activity during the resting state than during task performance, and that these play an important role in maintaining steady brain function. The default-mode network (DMN) in the brain is continually activated during a resting-state condition.
30 Many brainfunction areas are involved in the DMN, including the medial frontal, anterior cingulate, inferior temporal, posterior cingulate, precuneus, and inferior parietal regions, and these brain areas have always been the hot spot in the study of the default mode. 31 Several studies have shown dysfunction of the DMN in Parkinson's disease, 32 Alzheimer's disease, 33 schizophrenia, 34 and depression. 35 Toosy et al 36 found that patients with ON showed abnormal activation of areas in the posterior parietal and lateral temporal cortices, while Werring et al 37 reported similar findings in the lateral temporal and posterior parietal cortices and in the thalamus. Rocca et al 38 reported that patients with MS had DMN abnormalities, which correlated with cognitive impairment. In support of these findings, we also found that patients with ON showed lower ReHo in the bilateral anterior cingulate cortex, bilateral medial frontal gyrus, and right superior temporal gyrus, indicating that ON has a harmful effect on the DMN. Furthermore, we also found that the VEP amplitude of the right eye in ON showed a positive correlation with the ReHo signal value of the right superior frontal gyrus (r=0.731, P=0.007). We therefore conclude that ON may lead to dysfunction of the right superior frontal gyrus.
The insula is located in the depths of the lateral sulcus, 39 and has anatomical connections with the frontal, parietal, and temporal lobes. 40 Previous studies have demonstrated that the insula play an important role in consciousness, bodily urges, and the control and suppression of natural urges. 41, 42 Dysfunction of the insula is also associated with disease, such as Alzheimer's disease 43 and epilepsy. 44 Toosy et al 36 and Werring et al 37 found that patients with ON showed abnormal activation of areas in the insula-claustrum. In support of these findings, we found that patients with ON showed lower ReHo in areas of the right insula. Furthermore, we found that the VEP latency of the right eye in ON showed a positive correlation with the ReHo signal value of the right insula (r=0.595, P=0.041). ON may therefore lead to dysfunction of the insula.
The precentral gyrus is a part of the primary motor cortex that contains large neurons that connect to muscle. 45 Cruz Gómez et al 46 found that patients with MS showed a 47 also observed that patients with MS showed a higher level of decrease in gray-matter volume in the paracentral gyrus. In support of these findings, we also found that patients with ON showed lower ReHo in areas of the right precentral gyrus. Therefore, we conclude that ON has a harmful effect on the precentral gyrus as well.
The fusiform gyrus is the "fusiform face area", which participates in face processing and social cognition. 48, 49 A previous study demonstrated that visual stimuli can cause increases in blood flow in the contralateral posterior fusiform. 50 Therefore, fusiform gyrus function is closely related to visual function. In our study, we found that patients with ON showed higher ReHo in the cluster of the left fusiform gyrus. The higher ReHo areas in the left fusiform gyrus may relate to the compensation of the visual function in ON. Furthermore, we also observed that the VEP amplitude of the right eye in ON showed a positive correlation with the ReHo signal value of the left fusiform gyrus (r=0.644, P=0.024). A previous study 51 showed that patients with ON had reduced VEP amplitude compared with controls. The reduced VEP amplitude in ON, to some extent, reflects the severity of ON. That is to say, the increased ReHo values of the fusiform gyrus may relate to the recovery of visual function in ON.
The inferior parietal lobule contributes to visual word recognition. 52 Dysfunction of the inferior parietal lobule is also associated with such diseases as schizophrenia 53 and Alzheimer's. 54 In our study, we found that patients with ON showed higher ReHo in the cluster of the right inferior parietal lobule, which may reflect compensation of the visual function in ON.
Conclusion
In summary, we found that patients with ON had brain changes, including abnormal spontaneous activity participation, which showed negative correlations with the amplitude of the eye. These findings provide important information for the understanding of the neural mechanisms underlying ON.
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